The honey bee, Apis mellifera L., is host to a variety of microorganisms. The bacterial community that occupies the adult worker gut contains a core group of approximately seven taxa, while the hive environment contains its own distribution of bacteria that is in many ways distinct from the gut. Parasaccharibacter apium, gen. nov., sp. nov., is a hive bacterium found in food stores and in larvae, worker jelly, worker hypopharyngeal glands, and queens. Parasaccharibacter apium increases larval survival under laboratory conditions. To determine if this benefit is extended to colonies in the field, we tested if P. apium 1) survives and reproduces in supplemental pollen patty, 2) is distributed throughout the hive when added to pollen patty, 3) benefits colony health, and 4) increases the ability of bees to resist Nosema. Parasaccharibacter apium survived in supplemental diet and was readily consumed by bees. It was distributed throughout the hive under field conditions, moving from the pollen patty to hive larvae. While P. apium did not significantly increase colony brood production, food stores, or foraging rates, it did increase resistance to Nosema infection. Our data suggest that P. apium may positively impact honey bee health.
The European honey bee (Apis mellifera L.) contributes substantially to the worldwide economy because they pollinate much of our food supply (Morse and Calderone 2000) . Unfortunately, honey bees are in a period of substantial decline that threatens national and international food security. Their decline is likely owing to a confluence of factors including disease, parasitism, queen failure, malnutrition, pesticides, and anthropogenic factors (Johnson et al. 2010 (Johnson et al. , 2013 van Engelsdorp et al. 2010 van Engelsdorp et al. , 2012 Spleen et al. 2013 ; United States Department of Agriculture [USDA] 2013; Gallant et al. 2014; Simon-Delso et al. 2014; Steinhauer et al. 2014; Cariveau and Winfree 2015; Vaudo et al. 2015) . With respect to parasitism, much of the focus has centered on the mite Varroa destructor Anderson & Trueman and Nosema disease. Both are consistently among the most important factors leading to colony losses (Higes et al. 2008 , Rosenkranz et al. 2010 , van Engelsdorp et al. 2012 , Spleen et al. 2013 , Steinhauer et al. 2014 . Nosema are intracellular parasites that infect, grow, and reproduce in the gut of the bee, damaging the gut tissue. Nosemosis presents a formidable challenge to beekeepers and may cause even more damage than previously thought, possibly because the heartier, more cryptic, and more virulent species Nosema ceranae has nearly or fully displaced Nosema apis in bee colonies worldwide (Higes et al. 2007 , Huang et al. 2007 , Paxton et al. 2007 , Chen et al. 2008 .
While many of the threats to bee heath will require a multifaceted approach to resolve, nutrition is a common denominator that may positively impact how bees respond to other stressors. The benefits of improved nutrition can be measured by adding dietary supplements when forage is scarce, but these supplements are often a poor substitute for the natural pollens that bees derive their proteins and lipids from (DeGrandi-Hoffman et al. 2015) . By improving the nutritional value of bee supplements, we might increase both colony health and food security. This may be achieved by adding back components of natural pollen and nectar that bees might derive a benefit from, including bacteria found in food stores and plant nectar , Corby-Harris et al. 2014b .
Parasaccharibacter apium (Acetobacteraceae Alpha 2.2) is a honey bee hive bacterium that occupies niches such as larvae, brood food, hypopharyngeal glands, crop, and food stores (Anderson et al. , 2014 Vojvodic et al. 2013; Corby-Harris et al. 2014a, b) . It is also prevalent in the guts of mature queens (Kapheim et al. 2015 , Tarpy et al. 2015 . Parasaccharibacter apium appears to be specific to bees in the genus Apis that provision their young and the queen with hypopharyngeal and mandibular gland secretions (Corby-Harris et al. 2014b) . It, therefore, follows the flow of nutrients in the hive beginning with nurse bees that consume P. apiumladen food stores to provision larvae with inoculated brood food and queens with inoculated royal jelly. Certain strains of P. apium also increase the health of honey bee larvae in vitro by increasing the likelihood that larvae survive to pupation (Corby-Harris et al. 2014b ). Because P. apium is a natural hive bacterium that might benefit bees, it is ideally suited for further study on its effects at the colony level.
Any bacterium that is evaluated for improving colony heath should be naturally found in hives or in bees, distributed throughout the colony, easily administered, and beneficial to colonies. Surprisingly, few candidates have been tested to determine whether they fit all or some of these criteria. Audisio and Benitez-Ahrendts (2011) showed that Lactobacillus johnsonii isolated from honey bee guts and fed to colonies in sugar water increased colony brood area, adult population, and honey storage. Bacteria foreign to the bee have also been evaluated, leading to negative or negligible effects on hive health (Johnson et al. 2014 , Ptaszyń ska et al. 2015 , perhaps because they do not normally live with bees. Many more valid candidates have been uncovered with continued study of bee-associated microbial communities (Moran 2015 , Schwarz et al. 2015 . Here, we investigate the utility of a natural hive bacterium, P. apium, for improving supplemental feed and colony health. We test four main hypotheses: 1) P. apium survives in supplemental feed, 2) P. apiuminoculated feed added to colonies increases the levels of viable P. apium in larvae, 3) P. apium supplementation increases colony brood area, food stores, and foraging rate, and 4) P. apium supplementation increases resistance to Nosema. Apart from evaluating P. apium in particular, we hope to spark a broader discussion of how bacteria should be evaluated for the purpose of improving bee health.
Materials and Methods

Bees
Forty-nine 3-lb. packages of bees containing one open-mated queen from C.F. Koehnen and Sons in Glenn, CA, were installed in April of 2014. All packages were initially provided with four frames of foundation, two frames of drawn comb, and two food frames containing stored pollen and honey. An inside feeder was also provided. The hives were housed in seven greenhouses at the Carl Hayden Bee Research Center (CHBRC) in Tucson, AZ. Each greenhouse was equipped with a cooler to reduce the temperature in the top of the hive during the hottest part of the year (June and July, average high temperature ¼ 33.6 C, average low temperature ¼ 25.1 C). The entrance of each hive was affixed with a flexible plastic tube to allow bees to enter or exit the hive. The hives were randomly assigned treatments within each greenhouse so that each greenhouse contained an equal number of hives exposed to the experimental and control treatments ( Fig. 1 ).
Parasaccharibacter apium, gen. nov., sp. nov., Culture
Parasaccharibacter apium was isolated as part of a previous study (Corby-Harris et al. 2014b ) from second-instar larvae sampled from hives at the CHBRC in June of 2013. Three strains that were tested in Corby-Harris et al. (2014b) were tested for their survival in pollen patty: A29, B8, and C6. Subsequent hive-level experimental treatments consisted only of strain C6. In all cases, the strains grew to log phase in liquid Sabouraud Dextrose growth medium (SDM) at 34 C under low-oxygen (5% CO 2 ) conditions for 48 h before being used in experiments.
Parasaccharibacter apium Survival in Pollen Patty
Patties of natural pollen were prepared by mixing equal parts of drivert sugar, granulated sugar, and loose dry (unsterilized) corbicular pollen (Great Lakes Pollen, Bulkfoods.com) and water to the consistency of a thick batter. Twelve gram patties were inoculated with $23,000 colony-forming units (CFUs) of P. apium strains A29, B8, or C6 in SDM, Escherichia coli strain DH4a in liquid Luria-Bertani medium, or a negative control containing sterile SDM with no bacteria (uninoculated patties). The inoculum was thoroughly mixed into the patty by hand, and the patties were then incubated at either 27 or 35 C under atmospheric conditions. Five replicate patties were made for each temperature Â bacteria combination, yielding 50 patties total. At 24 h and again at 48 h, three cores were sampled from each patty using a straw. Each pooled sample containing three cores was $0.85 g, corresponding to about 1/14th of the 12-g patty. These cores were placed into 5 ml of sterile SDM, vortexed briefly, and spun down at 4,000 rpm for 10 s to remove the pollen patty particulates. Two hundred microliters (1/25th) of the supernatant was then plated and then incubated at 34 C under lowoxygen (5% CO 2 ) conditions, the preferred growth conditions for P. apium. Therefore, 1/350th of the initial inoculum (1/14th of the 12 g patty Â 1/25th of the cores washed in SDM) was plated onto each replicate plate. After 48 h, the number of CFUs was counted for each plate, and an average number of CFUs per treatment combination was calculated. There were three plates for each temperature Â time Â bacteria combination, yielding a total of 100 plates (2 temperatures Â 2 time points Â 5 bacteria Â 5 patties). The experiment was repeated twice. Counts were square root transformed to improve normality and analyzed with an ANOVA model that included the effect of bacteria, time, temperature, and all associated two-and three-way interactions. The two trials were analyzed separately. A Tukey's HSD test was used to determine whether there were significant differences in CFU count between the factors tested.
Hive-Level Bacterial Treatments
We focused on P. apium strain C6 for further testing of P. apium in the hive. Inocula were prepared ahead of time from the same source culture as above. The number of bacteria in 100 ml of SDM was determined by plating out 100-ml aliquots of the source culture and counting the number of CFUs after 48 h as described earlier.
Multiple 500-ml tubes of this source inoculum were prepared at a concentration of $29 million bacteria per tube and included glycerol at a final concentration of 20%. The tubes were then stored at À80 C. This same source inoculum was used throughout the duration of the hive treatments. The identity and purity of the inoculum was confirmed by sequencing the 16S rDNA gene sequence of the sample as described in Corby-Harris et al. (2014b) . Each week between 13 June 2014 and 13 April 2015, one 500 -ml tube of inoculum was removed from the À80 C, warmed, and 500 ml of fresh SDM with 20% glycerol was added. Twelve-gram pollen patties were placed in a small weighing dish and were scored with a pipette (Fig. 1) . After thoroughly mixing the bacteria and fresh media, 100 ml of this revived inoculum (corresponding to $2.9 million CFUs) was spread onto the surface of each 12-g pollen patty for the treatment hives (N ¼ 25) and 100 ml of sterile SDM was spread onto each 12-g pollen patty for the negative control colonies (N ¼ 24). The inoculum was spread onto the patty surface to maximize delivery of the treatment if the bees did not consume the entire patty.
Patties were placed into the hive on a top riser ( Fig. 1) for $96 h and were weighed before and after use to determine how much of the treatment was consumed by the hive each week.
Parasaccharibacter apium in Larvae
Seven weeks into P. apium supplementation, the number of P. apium in the larvae of a subset of hives was counted. Eleven colonies (seven control and four treated) of only the strongest colonies in the experiment were used. All were of equal size and strength and contained >7 frames of adults and >2 frame faces of brood. From each hive, 100 second-and third-instar larvae were collected and pooled in 500 ml physiological saline (0.9% NaCl in distilled water). Each sample was homogenized, and 100 ml of the solution was plated in triplicate on Sabouraud Dextrose agar plates. The plates were then incubated at 34 C under low-oxygen (5% CO 2 ) conditions. After 48 h, the number of CFUs on each plate was counted, plates that were deemed too dense with bacteria to count were given a value of 1,000 CFUs per plate, and the three plates per hive were averaged. The mean number of CFUs per plate averaged over the three plates was analyzed using a nonparametric Mann-Whitney or Wilcoxon test.
Colony Measures of Brood, Food Stores, and Foraging Rates
For each hive, the brood area, honey stores, and pollen stores were measured every three weeks between June and November 2014 and three times again in March and April of 2015. Brood area and food stores were coarsely estimated as the quarters of a frame face containing brood, honey, or pollen, or that were empty or undrawn. In March, we assessed the survival of the hives from the previous November. At the final hive assessment in April, we also determined which hives contained at least eight frames of adult bees, the number of bees needed to "grade" for pollination services. Foraging rate was determined every other week by counting the number of foragers entering each hive for one minute in the midmorning and again in the midafternoon.
Nosema Challenge
Sealed brood frames from all P. apium-inoculated and control colonies were collected into two hive boxes, with each hive box containing frames from either P. apium-supplemented or control colonies. The hive boxes were then covered and placed in a temperature-controlled room (33 6 1 C) and bees from all of the frames emerged overnight and mixed. The <18-h-old newly emerged bees were then collected and subjected to Nosema challenge.
The morning of the inoculations, Nosema-infected bees were collected from the entrance of a hive that was not part of the experiment (Fries et al. 2013) . Their midguts were dissected into distilled water, and the concentration of spores per gut was determined using a hemocytometer (Hausser Scientific, Horsham, PA) according to Cantwell (1970) . A subsample of the solution was aliquoted into a separate tube and centrifuged for 60 s to isolate the spores. The supernatant was removed and replaced with 50% sucrose to a Fig. 1 . Experimental design and pollen patty inoculum. (A) Forty-nine hives were inoculated with either P. apium-laden pollen patty (N ¼ 25) or a negative control inoculated with sterile liquid growth culture (N ¼ 24). The hives were housed in seven greenhouses, and the treatments were evenly and randomly assigned to hives within each greenhouse. (B) Twelve-gram patties containing natural pollen were inoculated on the surface with either P. apium or sterile broth. (C) The hives were housed in greenhouses, and the treatment was placed in a riser on top of the hive body but below the top cover. (D) Bees readily consumed the treatment and the control. concentration of 5,000 spores/ml. These spores were used to challenge the newly emerged bees.
Individual bees were challenged by placing them into 1,000 ml pipette tips with the tips removed so as to restrain the bees and allow only their forelegs and head to be free. A 2 ml drop (10,000 spores) of spore-laced inoculum in 50% sucrose or a 2 ml drop of a control dose containing 50% sucrose and no spores was fed to each individual bee using a 10 -ml pipette. All bees were restrained individually for 30-45 min to prevent cross-contamination between bees (Fries et al. 2013 ) before placing them into plexiglass cages that allowed air flow through wire mesh panels. Infected or uninfected bees were placed into cages separated by treatment with ad libitum access to pollen patty, water, and 50% sucrose. The cages were housed for 10 d at 33 6 1 C, and dead bees were removed daily. At 10 d postchallenge, the remaining live bees were removed from the cage. Each bee's midgut was dissected into 1 ml of distilled water, and the number of spores per bee was determined as in Cantwell (1970) . In total, 50 Nosema-challenged guts (28 bees from P. apium-supplemented hives and 22 bees from nonsupplemented hives) and 50 control guts (19 bees from P. apium-supplemented hives and 31 bees from nonsupplemented hives) were assessed for spore load. The number of spores per bee was normally distributed, and so the data were analyzed with a t-test to compare the spore load between bees from P. apium-supplemented and uninoculated (control) hives. Nosema-challenged and unchallenged bees were analyzed separately.
Results
Parasaccharibacter apium Survival in Pollen Patty
Some but not all P. apium persisted in the pollen patty. Live bacteria were recovered from the patty after 24 and 48 h, but their numbers decreased with time and compared with the starting inoculum for both trials (rep 1: F 1,80 ¼ 16.469, P ¼ 0.0001; rep 2: F 1,79 ¼ 41.276, P < 0.0001; Fig. 2) . The effect of the inoculum type was significant in both trials (rep 1: F 4,80 ¼ 15.711, P < 0.0001, rep 2: F 4,79 ¼ 5.013, P ¼ 0.0012) and post hoc comparisons indicated that strain C6 consistently yielded more CFUs per patty than those inoculated with the negative control or E. coli (Fig. 2) . Heat was increasingly detrimental to P. apium survival in pollen patty (rep 1: F 1,80 ¼ 92.667, P < 0.0001; rep 2: F 1,79 ¼ 41.276, P < 0.0001). Patties kept at 35 C yielded lower numbers of viable bacteria than those kept at 27 C (Fig. 2) . Interaction effects were not significant in either trial. 
Parasaccharibacter apium in Larvae
Given the results of the above experiment and because P. apium C6 is most beneficial to larvae in vitro (Corby-Harris et al. 2014b ), further experiments on P. apium focused specifically on strain C6. Parasaccharibacter apium-laden patty was readily consumed by the bees, but consumption was not affected by the treatment. Parasaccharibacter apium-supplemented hives had higher numbers of viable bacteria in the second-and third-instar larvae compared with hives that were not supplemented (v 2 1 ¼ 4.401, P ¼ 0.0359).
Colony Measures of Brood, Food Stores, and Foraging Rates
Brood area, frames of food, and foraging rate were not affected by the treatment. Overall, there was no effect of the treatment on the survival of hives from the beginning of the experiment through the spring. Although the trend was not significant, it was notable that P. apium-supplemented hives were 60% more likely to be strong in the spring (!8 frames of adults) than bees fed the control (P. apiumsupplemented: 7 out of 25 hives; control: 4 out of 24 hives; v 1 2 ¼ 0.914, P ¼ 0.34).
Nosema Challenge
Bees from P. apium-supplemented hives that were challenged individually with 10,000 Nosema spores had considerably lower Nosema titers compared with hives fed uninoculated patties (P. apium-supplemented: mean ¼ 951,355,000 6 120,993,000 SE spores per bee, control: mean ¼ 1,646,636,000 6 122,907,000 SE spores per bee; t 48 ¼ 3.980, P ¼ 0.0002; Fig. 3 ). The observed variance in spore load was comparable with other studies where individuals were infected (Paxton et al. 2007 , Maistrello et al. 2008 . Bees fed a control solution of sucrose without Nosema had a lower level of infection (mean ¼ 3,800,000 6 916,515 SE spores per bee) compared with the Nosema-challenged bees. Parasaccharibacter apium treatment did not impact Nosema titers in the bees fed the control. Mortality up to 10 d was minimal and equivalent in all cages.
Discussion
The goal of this study was to determine whether the benefits conferred by P. apium in the lab (Corby-Harris et al. 2014b) translated to colonies. We found that P. apium persisted in pollen patty and was distributed from the patty to the larvae. Although P. apium did not result in greater brood area, food stores, or foraging rate, Nosema infection was lower in bees from hives fed pollen patty inoculated with P. apium, and there was a slight but nonsignificant effect of P. apium on colony overwintering. Parasaccharibacter apium, therefore, shows some promise as a probiotic for increasing colony health. None of the three bacterial strains that were tested were able to reproduce in pollen patty, but one strain of P. apium-strain C6lived well enough to yield consistently more CFUs after 24 and 48 h compared with both of the controls. Parasaccharibacter apium strain C6 may be more suited to withstand sugar-rich niches such as bee bread, honey, and pollen patty. Importantly, strain C6 persisted long enough in the patty to travel from the patty to the larvae. This confirmed that when P. apium strain C6 is added to patty, it is distributed throughout the hive. It also supports previous work suggesting that P. apium follows the flow of hive nutrients, particularly between nurses who consume the pollen and larvae who consume nurse-secreted brood food (Corby-Harris et al. 2014b).
Hives supplemented with P. apium were more resistant to a fixed dose of Nosema under controlled conditions. Although the mechanism underlying this phenotype is unclear, we envision three possibilities. First, P. apium may strengthen gut integrity or immunity. In other insect systems, commensal Acetobacteraceae affect tissue development (Chouaia et al. 2012 , Mitraka et al. 2013 ) and Commensalibacter intestinii primes gut immunity in Drosophila melanogaster (Ryu et al. 2008) . Second, if Nosema reproduction depends on physiological cues from the host (Terry et al. 1997) , P. apium may alter gut physiology and block these cues. Thirdly, like many lactic acid bacteria (Cabo et al. 2002) , P. apium may secrete antifungal compounds, such as acetic acid, that directly harms Nosema.
Parasaccharibacter apium increased Nosema resistance but not the other measures of hive health such as brood area, food stores, or foraging rate. Colony growth rate is highly dependent on queen egglaying rate and the number of workers in the hive and is sensitive to the number of workers present when the colony is established (Bodenheimer 1937 , McLellan et al. 1980 , Brian, 1983 . Our measurements were performed on colonies started as packages in the spring, and their size was highly variable at the start of the experiment, perhaps owing to forager drift that occurs among colonies during this frenzied time. It is therefore possible that brood area, food stores, and foraging rate were not impacted by P. apium simply because these colonies were so variable from the very beginning. That being said, P. apium did have a slight impact on overwintering in that hives fed the bacterium were more likely to be stronger in the spring compared with uninoculated hives. This difference in spring hive strength was small, and the sample size was not sufficient to demonstrate significance. But it is tempting to speculate that P. apium keeps Nosema levels low, leading to stronger buildup in the spring. While this hypothesis should be tested, it is worth noting that other types of microbes fed to hives can also increase Nosema levels (Ptaszyń ska et al. 2015) . Many microbes fluctuate between pathogenic and nonpathogenic depending on factors such as the genetic background of the host and abiotic factors such as geography and weather (Daskin and Alford 2012). Before P. apium is control P. apium Nosema spores x 10 9 Fig. 3 . Nosema levels in bees from P. apium-inoculated colonies. Newly emerged bees from either P. apium-supplemented or control (uninoculated) colonies were challenged with 10,000 Nosema spores. Ten days later, the Nosema spores in the guts of the challenged bees were counted. distributed to beekeepers, it is worth investigating whether its benefit is consistent across geographic locations.
Colony failure is a complicated issue that requires a multifaceted plan of attack. This plan may include increased focus on improving nutritional supplements by adding back aspects of the bees' natural diet, such as beneficial microbes. The data presented here suggest a possible benefit of P. apium, and provide an interesting contrast to other studies of probiotics and honey bee health. We stress that no matter the bacteria in question, each candidate should be 1) naturally found in hives, 2) distributed throughout the hive, 3) easily administered to the hive, and 4) beneficial to the bees. If this is not the case, the candidate may have no effect or even a negative effect on hive health. Parasaccharibacter apium fits the above criteria. We hope that the framework developed here provides a framework for testing how probiotic feed additives are developed and evaluated in the future.
